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I INTRODUCTION

Since the second world war, a number of neutron £flux
detectors have been developed to achieve neutron detection
efficiencies that were approximately directionally isotropic and
either that were independent of energy (flux detectors),l_3 had
energy dependence proportional to the recriprocal of the flux to
dose equivalent (DE) conversion factors (rem meters)4'6 or had
energy dependence that maximized at some neutron energy
(spectrometers).4'7_9 One of the most famous of all such detectors
is the Bonner sphere spectrometer (BSS).4 In its original form it

consisted of a 4 mm x 4 mm high 6

LiI (Eu) crystal which could be
positioned at the center of five polyethylene spherical moderators

2 to 12 inches in diameter.

A large bibliography exists on the BSS attesting to the
usefulness of this technique. The authors are citing only a part

of these references considered representative of the literature.

IT THEORY.

As they traverse matter, epithermal and fast neutrons undergo
elastic and/or inelastic scattering losing energy until they reach
thermal equilibrium or 1leave the moderator. This process is

known as neutron slowing down or moderation. Moderators should



have high scattering to absorbtion cross section ratios so that
the largest number of incident neutrons will be thermalized before
being absorbed. Good moderating materials are composed primarily

of hydrogen, deuterium, beryllium, carbon and oxygen.

The energy dependence of a neutron detector is the result of
convoluting the moderated neutron spectrum at the center of the
sphere with the energy dependent detection efficiency of the
neutron detector. The moderator shapes may be spherical,4
pseudospherical,10 cylindrical,l'?‘'5'10_12 or cubical.l3s14 A
number of such detection efficiencies have been calculated and/or
measured (Tables 2 through 8, and Ref 15). Attempts have been
made to enhance the low energy resolution by wrapping some of the

moderators in cadmiumi®s17 18

and/or boron. Another response
modification for better matching the reciprocal of the flux-to-DE
energy curve was made by inserting a Cd-shell at an intermediate

radius.6

If a neutron detector is placed at the center of a number 'r'
of spherical moderators of various diameters each
detector-moderator combination will have a different response to
neutrons as a function of energy. The response of the BSS, as a
function of energy, for one such set of moderator spheres, with a

6

4mm x 4mm “LiI(Eu) scintillator, is shown in Figure l.8



The response of each detector of an array of 'r' elements to
a neutron spectrum, N(E), may be written as a homogeneous Fredholm

equation,

Bj = ofN(E)Rj (E)dE (j=1,r) (1)

where,

Bj is the response for the j-th detector in the array,

N(E) is the energy spectrum of the neutron field, and

Rj(E) is the absolute response for j-th detector as a function of

neutron energy.

When the detector respohses are known for 'n' discrete energy

groups, equation (1) may be rewritten:
B. =, N_R, AE (3=1,r) (2)
g g9

where,

Ng is the differential neutron energy flux for the g-th energy

group,

Rj g is the response of j-th detector to neutrons of group '‘g',
14
and AEg is the energy width of the group.

The response distributions were calculated for a 4mm x 4mm

6Li detector (instead of 6LiI(Eu)) bare and at the center of

polyethylene spheres 2, 3, 5, 8, 10, and 12 inch diameter, exposed

8

to several neutron spectra using 31 group responses- (Fig. 1), for



three realistic and three "monochromatic" spectra. The realistic
spectra were: the leakage spectra of the Oak Ridge unreflected

Health Physics Research Reactor (HPRR),19 the atmospheric

cosmic-ray neutron spectrum,20

252 21

and the neutron spectrum of a bare
Cf fission source; while the "monochromatic" spectra were
energy dgroups 31, 20, and 7. Figure 2 shows the three realistic

spectra while Figures 3 and 4 display the response distributions.

IIT MODERATORS

Spherical polyethylene moderators are the nearly universal
choice of those using the BSS method of neutron detection.16r22-25
" The spherical symmetry, with the detector at the center of the

sphere often results in an isotropic response.

Density of commercial polyethylene ranges between 0.91 and
0.96 g cm—3.26 In fact, one user27 found that the densities of a
set of seven spheres were all different and varied from 0.912 to
0.961 g cm_3. Hence, density and proper response must be matched.
The response ratio for 10 inch diameter polyethylene spheres
having densities 0.90 and 0.95 g cm™3  is shown by curve l,8
Fig. 5. Such changes in polyethylene density may have serious
effects on interpretation of measurements. Most commonly, the
polyethylene used 1is the so called "linear" high density

3

polyethylene (p = 0.96 g cm ~).



Another source of errors is the use of polyethylene responses
for a different moderating material. Curve II of Figure 5 shows
the response ratio for a 0.5 inch x 0.5 inch scintillator at the
center of 10 inch spheres of polyethylene (0.95 g cm'3) (Table 6)
and water (Table 7). Here, the effect on the results is even
greater than for a mismatch in moderator densities for the same

material.

There is no best BSS. 1In practice, there are compromises.
In some situations, the classical Bss4 may be augmented with

28 and even with activation detectors29 in an

additional spheres
attempt to increase the energy resolution of the deconvoluted
neutron energy spectrum. When an acceptable solution to the set
of Fredholm equations is found, integral parameters such as
fluence, absorbed dose and DE may be obtained with the largest
practical precision. Attempting a large area survey with such an
extensive multidetector system may be a task of mammoth
proportions. Therefore, for expediency and portability the system

30-33 g

has often been reduced to a few, one to five, detectors.
the number of elements in a BSS decreases, the accuracy of the
determination of the integral parameters may decrease. However,
in many circumstances the DE determinations using a reduced set,
even a single detector, may still be satisfactory for health

physics pu::poses.‘l_6



IV INSTRUMENTATION AND MEASUREMENTS

The choice of the neutron detector is a compromise. The
choice may be due to the user's experience, availability of
suitable equipment, gamma ray discrimination, portability,
absolute detection efficiency, information desired in real time or
integrated over a period, DE rate and/or duty cycle of the neutron

field.

Neutron detectors may be divided in two groups, active and
passive. In either case, the gamma sensitivity of the neutron
detector must be investigated and, in general, compensated by

suitable means.

ACTIVE DETECTORS.

Active detectors may be either scintillators plus
photomultipliers or gas filled counters operated in the
proportional or Geiger-Muller mode. Their main advantage is real
time data acquisition and, at times, good gamma ray
discrimination. They may be used to monitor fields and set-off

alarms. Data may be collected and displayed automatically.



Scintillators.

The most common scintillator used in BSS, is the 6LiI(Eu).4

In this detector the neutron-photon discrimination is achieved

6

through the exoergic LiI(n,a)3H, 0=4.8 MeV, reaction which causes

a large 1light output due to the neutron capture. The dimensions
of the crystal itself are chosen to limit the 1light output from

electrons or external charged particles crossing it.4

The
consequence of using a suitably small crystal (4 mm x 4 mm) is
that the absolute neutron detection efficiency is typically 0.1

percent.4

There are occasions when satisfactory discrimination against
background charged particles cannot be achieved even with small
crystals as in the evaluation of the weak neutron fields from
cosmic rays. Various methods have been tried to overcome this

problem. One uses large (0.50 inch x 0.50 inch) 6

7

LiI(Eu) and

LiI (Eu) crystals and the net neutron contribution is the

34

difference of the two signals. A second method 1is to wuse a

6

single LiI(Eu) crystal and collect the data on a multichannel

analyser. Values for the background may be interpolated and

k.35,36

subtracted from the (n,a) pea These two methods use small

differences of two large signals. This causes large uncertainties

37,38

in the net response. A third approach uses a phoswich to

reject external particles. The phoswich consists of a small

6LiI(Eu) crystal inside a "cup" made of plastic scintillator



(Figure 6). Since the decay time constants of the two
scintillators are about three orders of magnitude apart, a simple
pulse shape discriminator permits excellent rejection of external

particles.38

Figures 7 and 8 show environmental data collected for
48.3 hours using a 4 mm x 4 mm crystal and for 70.8 hours using an
8 mm x 8 mm crystal, in both cases the moderator was a ten inch
pseudosphere.38 It may be seen that the phoswich dramatically
reduces the background noise allowing the use of an 8mm x 8mm

crystal which 1increased the sensitivity of the BSS by

approximately a factor of four.

Just as with the moderator, care must be taken to wuse the
appropriate response for the detector chosen. Curve III, of
Figure 5, shows the ratio of the response of a 4 x 4 mm to that of

a 12.7 mm x 12.7 nmnm 6Li detector at the center of a 2 inch

polyethylene sphere.8

LiI is an extremely hygroscopic substance and even well
sealed crystals tend to degrade in time. Degradation is evidenced
by a change in crystal color and energy resolution of the (n,9)
peak. To avoid these problems 6Li loaded glass could be used.
However, no reference to their use in BSS has been found by the
authors. UV lucite is recommended for light pipes between crystal
and photomultipliers because it is much clearer and absorbs much
less of the visible part of the spectrum than ordinary lucite.

The light pipe should make a snug fit into the moderator to



minimize neutron leakage from the environment to the detector.32
This last recommendation also applies to the installation of any
neutron detector holder in a sphere. Use of small diameter
photomultipliers is also recommended to minimize interference with
the polar angle neutron detection efficiency. The ambient
environment in which measurements are made may dictate taking
special precautions to protect the electronics. For example, in
making measurements inside the containment of a PWR reactor, it

was necessary to cool and dessicate the electronics.35

Gas Filled Detectors.

Proportional counters. Detectors filled with suitable gases
and operated in the proportional mode may provide discrimination

against photons. Two suitable gases are 3He and 10BF3, 3He has

been tried satisfactorily in a 3 cm diameter, spherical

proportional counter at the center of a 20.8 cm sphere.40

3

However,
the He(n,p)3H has a Q of only 765 keV. Therefore, it does not
furnish a strong neutron signal to simplify photon rejection.
Elsewhere, a small cylindrical loBF3 counter was tried with some
success in spheres 9 and 10 inches in diameter.4l lOBF3 counters
have good photon discrimination via the loB(n,a)7Li, Q = 2.8 MeV
reaction, even though most of the transitions occur to the 0.48

7

MeV excited state of 'Li decreasing somewhat the photon rejection.

The signals from these gas filled counters are generally processed



10

via charge integrating preamplifiers. However, fast current type
instrumentation may be used such as the very fast signal
processing 50 ohm systems. This vyields not only better
discrimination against background by reducing pulse pile-up, but
also allows higher neutron counting rates and operations in

smaller duty cycle neutron fields.

Due to the mechanisms for energy loss, incoming monochromatic
neutrons collide different numbers of times with the nuclei of the
moderator while slowing down, causing a spread in path lengths and
slow down times. The neutron fluxes encountered in field
applications have continuous energy spectra. Thus, the spread out
in time for the arrival of slow neutrons at the detector location
in a BSS, even from short neutron pulses should be of the order of
a hundred or more microseconds for the larger spheres (six inches
or more in diameter).42 Thus, BSS with electronic counters may
work well, wusing appropriate correction factors, in small duty

cycle fields having fairly high dose equivalent rates.

Geiger-Muller Counters. These detectors have been used
successfully in very short duty c¢ycle neutron fields. A thin
walled G-M tube wrapped in silver foil allows for the activation
of the silver in a short time and then counting their activities
during a relatively long time, 109Ag(n,y) lloAg(tl/2=24.4 sec) and

10 108 10,43-45

7Ag(n,y) Ag(tl/2=2.4 min). In cases where the duty

cycle of the accompanying photon radiation is large, a dual system
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of identical G-M's tubes may be used, one wrapped in silver and

10,45

the other in tin. The output of the tin wrapped G-M is

substracted from the silver wrapped one and the difference is the

neutron component. The use of a low power microcomputer makes

this differential system easy to calibrate and operate.45

PASSIVE DETECTORS.

Neutron interactions in the detectors may be recorded by the
radioactivation or radioluminescence they produce. Passive
detectors have some advantages over counters such as portability,

lower unit cost and independence from neutron field duty cycle.

Radioactivation. Nuclear reactions in a number of elements may be
used to record the thermal neutron flux. The actual choice of
foil will depend on the length of time the neutron field is to be

monitored and its intensity. In the past, such elements as

47 2

indium,46 gold (Table 8),44 tantalum, and cobalt® have been used

successfully in moderated neutron flux integrators.

Thermoluminescent Dosimeters. These TLD dosimeters have been

7

used as neutron detectors, usually 6LiF and ‘LiF pairs, both in

48 29,36,49

powder form and extruded chips. The photon response of

these dosimeters is essentially the same, but the (n,a) reaction

in 6Li is orders of magnitude larger than in 7Li. Hence, the

difference between the responses of the 6LiF and the 7LiF is a
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measure of the neutron signals. Great care must be taken
transporting the TLD detectors to protect them from unwanted

exposure to neutrons.36

Transport is that period between annealing
and start of measurement plus that from the end of the measurement
to readout. A successful manner to handle TLD pairs is to 1load

them in typically polyethylene50

inserts that go into the BSS
moderators and put the inserts in Cd-cylinders. Then, upon
reaching the measurement site the inserts are rapidly removed from
the Cd-cylinders and inserted in the moderators. Upon completion

of the measurement, the procedure is reversed.

V. SPECTRAL DECONVOLUTION

Spectral deconvolution is, simply, the solution of Eq. 1 for
N(E). A very good review paper on the subject was presented at
the 2nd ASTM-EURATOM Symposium on Reactor Dosimetry in 1977.51
Deconvolution methods were grouped into four categories:

derivative, parametric, quadrature, and Monte Carlo.

The primary application of the derivative method is with

recoil particle detectors, and not for BSS.

The parametric procedure may be used if a functional
representation of the spectrum exists, e.g., evaporation or
fission spectra. The BSS responses are used to determine the

parameters for the appropriate functional representation.sz'53
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The quadrature method involves the solution of Eg. 2 by
linear estimation, 1least squares, iterative or mathematical
programming techniques, or a combination thereof. The three most
common deconvolution codes (BON,54-56 LOUHI,57’58 and SAND59) used

with the BSS are found in this category. BON,29’36'60_62

LOUHI]'6'63_65 and SANDGG'67 have been used to deconvolute spectra
ranging from PWR containment to accelerator shield leakage spectra

from BSS measurements.

The Monte Carlo category wuses Monte Carlo techniques to
randomly chose a neutron spectrum. This spectrum is then
convoluted with the BSS response functions to yield a response
distribution. The process is repeated a great number of times and
the response distributions, thus obtained, are compared with the
measured one. The spectrum yielding the best agreement is said to
be an adequate solution of Eq. 2 for Ng. The only known code using
this technique is SWIFT.08/09 SuIFT saves the four spectra whose
response distributions best agree with the measured response

distribution and averages them to yield the Ng

A word of warning: since the systems dealt with here are
usually underdetermined, a solution to Fredholm's equation is not

unique. However, this has not been a serious problem in practice.
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VI. CALIBRATION

In the field, the absolute neutron detection efficiencies of

BSS elements are most often checked using 241AmBe, 241AmB, and

252 42,70-73 14 g0 doing, the effect of walls, floor,

74,75

Cf sources.

and ceiling scattering as well as sphere to sphere scattering

must be taken into account.

To check the energy response of BSS elements, one may want to

use nearly monochromatic beams an accelerator is

available, or a number of continuous energy spectra (a,n) and/or

42,73,78

(y,n) sources, otherwise. The use of radioactive sources

for detector <calibration implies that the user has (1) a
calibration for the total neutron emission into 4m; (2) knowledge
of the source output as a function of polar and azimuthal angles,
particularly in the case of the more massive sources, and (3)
knowledge of the neutron energy spectrum for the source. Item (2)

is wvery important if one uses a long half-life alpha emitter such

239

as Pu (t = 24,000 years) since the outputs at 0° and 90°

1/2
(polar angles) may be significantly different. For this reason,

shorter lived alpha sources such as 241

238Pu

Am (tl/2 = 455 vyears) and

(tl/2 = 86.4 years) have become quite common. Mixtures or

238 241

combinations of either Pu or Am with Be, B, F and Li are

readily available commercially.79 Prices ranges (August, 1983) for
(238puBe) to ussasoo (238
241

5 Ci, sources are USS$3000 PuLi) and

241

Us$3600 (24lamBe) to uss$6500 (24lamni).”?
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The evaluation of the BSS output in terms of neutron flux,
absorbed dose or dose equivalent per unit of response requires the
evaluation of the constants Cj in equation 3, wusing a neutron

source with known strength and energy spectrum.

n
B: = ) 5C; N'g o R's o AE (3)

where,

N's,g is the normalized differential energy £flux of source
neutrons for the g-th energy group.

S is the source strength,

R'j,g is the average relative energy response of the j-th detector
in the g-th energy interval, and other terms have the same

definitions as in equations 2 & 3.

The Cj's are, then, given by

C. = B. N' R'. A 4
/8 L N'g g Ry g BB (4)
Once the Cj's are known, the deconvolution techniques described in

Section V may be used.

If dosimetry is to be done with a single detector 'j' and
information exists on the energy spectrum of the field neutrons,
the procedure that follows is preferrable to the use of average
properties of neutron sources to calculate the detector response

in terms of flux, absorbed dose or DE.
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The flux, F, can be obtained from

1 £/9 " 39 79 ()

n n

PE =g§1 DEg N'frg AEg gzl N'flg AEg' (6)
where,
N'f,g is the normalized field neutron energy spectrum (F N'f,g is
the neutron field energy spectrum).
and |
DEg = average flux-to-dose equivalent conversion factor for the

g-th energy interval.

Finally, the dose equivalent is obtained from,

DE = F DE
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VIi. SUMMARY

The major advantage of the BSS is that it covers an energy
range from thermal to hundreds of MEV. No other spectrometer

covers this entire energy range.

Among 1its disadvantages are its inherently 1low energy
resolution and its weight (up to 47 kg). Another disadvantage is
that if one uses a single detector alternating the moderators, one
has to be concerned with time variations of the neutron field. On
the other hand, if one uses multiple detectors, one for each
moderator, and makes a simultaneous exposure of the entire system,
the concern is about spatial variations of the neutron field and

interactions between detectors.

Problems that should be studied in the future include:
(1) benchmarking for testing of spectral deconvolution codes;
(2) determination of what is an adequate BSS, i.e., how many and
what size moderators should be used;
(3) development of deconvolution codes for use with miqrocomputers
so that real time data reduction becomes a reality, and

(4) a study of moderator to moderator interactions.



18

VIII. ACKNOWLEDGMENTS

We want to thank J. Couch and K. O'Brien for reading a draft
of this manuscript and making valuable suggestions, and M. Gleason
for her cheerful and accurate typing. This investigation was
supported by US PHS Grant 5PO1 CAl8081-09, awarded by the National

Cancer Institute, DHHS, and the US Department of Energy.



19

REFERENCES

1. Hansen, A. O. and McKibben, J. L., A Neutron Detector Having
Uniform Sensitivity from 10 keV to 3 MeV, Phys. Rev. 72, 673

(1947) .

2. Smith, A. R., A Cobalt Neutron Flux Integrator, Health Phys. 7,

40 (1961).

3. DePangher, J., Nichols, L. L., A Precision Long Counter for
Measuring Fast Neutron Flux Density, Battelle North West, Pacific

North West Laboratory, Richland, WA, Report BNWL-260 (June, 1966).

4. Bramblett, R. I., Ewing, R. I., Bonner, T. W., A New Type of

Neutron Spectrometer, Nucl. Instr. Meth. 9, 1 (1960).

5. Andersen, I. O., Braun, J., A Neutron Rem Counter, Nukleonik 6

(5) 237 (1964)

6. Hankins, D., A Modified-Sphere Neutron Detector, LA-3595

(Jan. 17, 1967).

7. McGuire, S. A., A Dose Monitoring Instrument for Neutrons from

Thermal to 100 MeV, LA-3435, March 1, 1966.



20

8. Sanna, R. S., Thirty One Group Response Matrices for the
Multisphere Neutron Spectrometer Over the Energy Range Thermal to

400 MeV, USEAC, HASL-267 (March 1973).

9. Piltingsrud, H. V., Engelke, M. J., A Passive Broad-Energy
Response Neutron Spectrometer Dosimeter, Proc. Symp. Neutron
Monitoring for Radiation Protection Purposes, Vienna, Dec. 11-15,

1972, IAEA, 1973, pp. 123-138.

10. Awschalom, M., Borak, T., Howe, H., A Study of Spherical,
Pseudospherical and Cylindrical Moderators for a Neutron Dose
Equivalent Rate Meter, Fermilab, Batavia, IL, Report TM-291 (July

12, 1971).

11. Tatsuta, H., Ryufuku, H., Shirotani, T., A New Rem-Counter for

Neutrons, Health Phys. 13, 559 (1967).

12. Nakamura, T., Yamaguchi, C., Yamamoto, T., Neutron Dosimetry
in the Environment Around the Accelerator, proceedings of the lst
KEK Symposium on Radiation Dosimetry, Tsukuba, Japan, July 17-18,

1978 KEK-78-18, CONF-7807109, 1978.

13. Sanna, R. S., O'Brien, K., A New Type of Moderate-and-Capture
Neutron Spectrometer, to be presented at 6th International
Congress of the International Radiation Protection Association,

West Berlin, May 7-12, 1984.



21

1l4. Lautenbach, G., Leakage Neutron Spectrum Measurements with the
PPN-Spectrometer, 7th DOE Workshop on Personnel Neutron Dosimetry,

London, England, 1978 PNL2807, UC-48, 1978.

15. Zaborowski, H. L., Le Systeme Multiphere de Dosimetrie et
Spectrometrie Neutron (S.M.-D.S.N.), Etudes d'Applications a 1la
Radioprotection, presented at the Symposium International Sur

1'Utilization du Californium-252, Paris 26-28 Avril, 1976.

16. Endres, G. W. R., Brackenbush, L. W., Neutron Dosimetry and
Spectral Measurements in PWR Containment, 4th Symposium on Neutron
Dosimetry, Munich-Nureherberg, F. R. Germany, June 1, 1981,

PNL-SA-9461 (1981).

17. Griffith, R. V., Hankins, D. E., A Systematic Approach to
Personnel Neutron Monitoring, 5th International Congress of the
International Radiation Protection Association, 327, 1980

CONF-800304-, 1980.

18. Mehta, S. K., A New Method for the Evaluation of Neutron
Emmission, Kerma, Kerma Equivalent, Dose Equivalent and the
Spectrum Below 1 MeV for (alpha,n) Sources, Using Bonner Spheres,

ORNL-TM-1171, 1965.



22

19. Poston, J. W., Knight, J. R., Whitesides, G. E., Calculation
of the HPRR Neutron Spectrum for Simulated Nuclear Accident

Conditions, Health Phys. 26, 217-221 (1974).

20. Hess, W. N., Patterson, H. W., Wallace, R., Cosmic-Ray Neutron

Spectrum, Phys. Rev. 116(2), 445-457 (1959).

21. Green, L., Transmission Measurement of the 2°2Cf Fission
Neutron Spectrum, Nucl. Sci. & Eng. 37, 232-242 (1969).

22. Hewitt, J. E., Hughes, L., McCaslin, J. B., Smith, A. L.,
Stephens, L. D., Syvertson, C. A., Thomas, R. H., Tucker, A. B.,
Exposures to Cosmic-ray Neutrons at Commercial Jet Aircraft
Altitudes, Natural Radiation Environment III, CONF-780422(Vol.2),

1980.

23. McGinley, P. H., Wood, M., Mills, M., Rodriguez, R., Dose
Levels Due to Neutrons in the Vicinity of High-Energy Medical

Accelerators, Med. Phys. 3, 397, 1976.

24. Miller, W. H., Sohl, J. D., Jr., Brugger, R. M., Experimental
Tests of the Bonner Sphere Spectrometer Using Filtered Neutron

Beams, Nucl. Instr. & Meth. 206, 219 (1983).



23

25. Sanna, R. S., Hajnal, F., McLaughlin, J. E., Energy-Dependent
Effects on Neutron Monitor Performance in PWR Containments, Health

Phys. 43, 263, 1982.

26. Extruding and Molding Grades, Book A. The International

Plastics Selector, Cordura Publications, Inc., La Jolla, CA, 1978.

27. Griffith, R. V. Fisher, J. C., Measurement of the Responses of
Multisphere Detectors with Monoenergetic Neutrons, 0.1 to 18.5
MeV, Hazards Control Progress Report No. 51, 29-33,

UCRL-50007-75-2.

28. Davison, J. W., Hertel, N. E., Bonner Ball Detector Responses
for Neutrons from Thermal Energies to 17.3 MeV, presented at the
28th Annual Meeting of the Health Physics Society, Baltimore,

Maryland, June 19-24, 1983.

29. Distenfeld, C. H., Improvements and Tests of the Bonner
Multisphere Spectrometer, Brookhaven National Laboratory,

BNL-21293 (1975).

30. Nachtigal, D., Burger, G., Dose Equivalent Determinations in
Neutron Fields by Means of Moderator Techniques, Chapt. 7 1in
Topics in Radiation Dosimetry, Suppl. 1, F. H. Attix, Ed., New

York:Academic Press, 1972.



24

31. Nachtigal, D., Rohloff, F., Verfahren Zur Messung Der
Flussdichten Und Dosisleistungsaquivalent von Neutronen Im
Energiebereich Zwischen Thermischer Energie Und 50 MeV, Nucl.

Instr. Meth. 50, 137 (1967).

32. Hankins, D. E., The Multisphere Neutron-Monitoring Technique,

LA-3700 (June 7, 1968).

33. Nachtigall, D., Roholoff, F., Sphere Techniques for Measuring
Flux Densities and Dose Rates of Thermal, Intermediate and Fast

Neutrons, JUL-213-ST, German, SLAC-TRANS-23, Trans., 1965.

34. Hajnal, F., McLaughlin, J., Weinstein, M., O'Brien, K., Sea

Level Cosmic Ray Neutron Measurements, US AEC, HASL-241 (1971).

35. Hajnal, F., Sanna, R. S., Ryan, R. M., Donnelly, E. H., Stray
Neutron Fields in the Containment of PWRs, in Occupational
Radiation Exposures in Nuclear Full Cycle Facilities,

IAEA-SM-242/24 (1979).

36. Sanna, R. S., Hajnal, F., McLaughlin, J. E., Gulbin, J. G.,
Ryan, R. M., Neutron Measurements Inside PWR Containments, U.S.

DOE Report EML-379, 1980.



25

37. Crawford, R. L., Erteza, A., Discrimination Dependence of a
Phoswich System on the Integrating Time Constant, Nucl. Instr.

Meth. 30, 303 (1964).

38. Awschalom, M., Coulson, L., A New Technique in Environmental
Neutron Spectroscopy, Proc. Third Int'l. Congress of IRPA,

Washington, DC (1973) pp. 1464-1469.

39. Dhairyawan, M. P., Nagarajan, P. S., Venkataraman, G.,
Response Functions of Spherically Moderated Neutron Detectors,

Nucl. Instr. Meth. 169, 115 (1980).

40. Leake, J. W., An Improved Spherical Dose Eguivalent Neutron

Detector, Nucl. Instr. Meth. 63, 329 (1968).

41. Hankins, D. E., The Substitution of a BF3 Probe for the Lil

Crystal in Neutron rem-Meters, Health Phys. 14, 518 (1968).

42. Patterson, H. W., Thomas, R. H., Accelerator Health Physics,

Academic Press: New York, 1973, Chapter 5.

43. Lanter, R. J., Bannerman, D. E., The Silver Counter A Detector

for Bursts of Neutrons, LA-3498-MS (July 14, 1966).

44, Smith, A. R., Measurement of Radiation Field Around

High-Energy Accelerators, UCRL-10163 (April, 1962).



26

45, Brown, D., Buchanan, R. J., Koelle, A. R., A
Microcomputer-Based Portable Radiation survey Instrument for
Measuring Pulsed Neutron Dose Rates, Health Phys. 38, 507 (1980).

46. Mandl, M. E.,, A Method of Measuring the Average Energy of a
Neutron Spectrum in the Range 0.3 to 3.0 MeV, AERE T/R 1008,

August, 1952,

47. Smith, A. R., A Tantalum Fast Neutron Integrator, University

of California, Berkeley, Cal, Report UCRL-17051 (August 5, 1966).

48. Weinstein, M., Hajnal, F., McLaughlin, J., O'Brien, K.,
Neutron Dose Equivalents from Multisphere Accelerator Shield

Leakage Spectra, US AEC, HASL-223 (March, 1970).

49, Ryan, R. M., Evaluation of Personnel Neutron Dosimetry at

Operating Nuclear Power Plants, NUREG/CR-2524 (March, 1983).

50. Rohloff, F., Heinzelmann, M., Influence of Detector Type and
Equipment on the Sensitivity of Bonner Spheres, in Neutron
Monitoring for Radiation Protection Purposes, Vienna: IAEA, 1973,

pp. 269-277.



27

51. Oster, C. A., Review of Unfolding Methods Used in the US and
Their Standardization for Dosimetry, 2nd ASTM-Euratom Symposium on
Reactor Dosimetry: Dosimetry Methods for Fuels Cladding and

Structural Meaterials, October 3-77, 1977, Palo Alto, CA, 1977.

52. Bramblett, R. L., Bonner, T. W., Neutron Evaporation Spectra

from (p,n) Reactions, Nucl. Phys. 20, 395 (1960).

53. Bricka, M., Neutrons Measurements near P.W.R. Power Reactors,
Seventh DOE Workshop on Personnel Neutron Dosimetry, London,

England, 1978, PNL2807, UC-48, 1978.

54. Gold, R., An Iterative Solution of the Matrix Representation

of Detection Systems, TID-18304, 1963.

55. O'Brien, K., Sanna, R. S., McLaughlin, J. E., Inference of
Accelerator Stray Neutron Spectra from Various Measurements,
proceedings of the USEAC First Symposium on Accelerator Radiation
Dosimetry and Experience, Brookhaven National Laboratory, Upton,

New York, Nov. 3-5, 1065, CONF-651109, 1965,

56. Sanna, R. S., A Manual for BON: A Code for Unfolding
Multisphere Spectrometer Measurements, US DOE Report EML-394,

1981.



28

57. Routti, J. T., Mathmatical Considerations of Determining
Neutron Spectra from Activation Measurements in Proceedings of 2nd
International Symposium on Accelerator Dosimetry and Experience,

Stanford University, November 5-7, 1969, Conf-691101, 1969.

58. Routti, J. T., High Energy Neutron Spectroscopy with
Activation Detectors Incorporating New Methods for Analysis of
Ge (Li) Gamma-Ray Spectra and the Solution of Fredholm Integral

Equations, PhD Thesis, UCRL-18514 (April 1969).

59. McElroy, W. N., Berg, S., Crockett, T., Hawkins, R. A.,
Computer—-Automated Iterative Method for Neutron Flux Spectra
Determination by Foil Activation Data, AFWL-TR-67-41, Vol. 1

(1967) .

60. Awschalom, M., Bonner Spheres and Tissue Equivalent Chambers
for Extensive Radiation Area Monitoring Around a 1/2 TeV Proton

Synchrotron, IAEA/SM-167/69, probably 1973.

61. McGinley, P. H., Wood, M., Mills, M., Rodrigquez, R., Dose
Levels Due to Neutrons in the Vicinity of High-Energy Medical

Accelerators, Med. Phys. 3, 397 (1976).



29

62. Holeman, G. R., Shaw, D. McM., Price, K. W., Stray Neutron
Spectra and Comparison of Measurements with Discrete Ordinates
Calculations, Second International Conference on Accelerator
Radiation Dosimetry and Experience, held at the Stanford Linear
Accelerator Center, Stanford, CA, November 5-7, 1969, CONF-691101,

552.

63. Aldrich, J. M., Haggard, D. L., Endres, G. W. R., Fix, J. J.,
Cummings, F. M., Thorson, M. R., Kathren, R. L., Evaluating

Existing Radiation Fields, PNL-3536, 1981.

64. Hankins, D. E., Griffith, R. V., A Survey of Neutrons Inside
the Containment of a Pressurized Water Reactor, UCRL-81346,

ORNL/RSIC-43, ANS Winter Meeting, 1978.

65. Stephens, L. D., McCaslin, J. B., Smith, A. R., Thomas, R. H.,
Hewitt, J. E., Hughes, L., Ames Collaborative Study of Cosmic Ray
Neutrons, II: Low- and Mid-Latitude Flights, LBL-6738, UC-34b,

TID-4500-R66, 1978.

66. Huyskens, C. J., Jacobs, G. J. H., Calibration and Application
of Multisphere Technique in Neutron Spectrometry and Dosimetry,
5th International Congress of the International Radiation

Protection Association, 396, 1980, CONF-800304-, 1980.



30

67. Jacobs, G. J. H., van den Bosch, R. L. P., Calibration
Measurements with the Multisphere Method and Neutron Spectrum
Analysis ©Using the SAND-II Program, Nucl. Instr. Meth. 175. 483

(1980) .

68. O'Brien, K., Sanna, R. S., Neutron Spectral Unvolding Using

the Monte Carlo Technique, Nucl. Inst. Meth. 185, 277 (1981).

69. Sanna, R. 8., O'Brien, K., Monte Carlo Unfolding of Neutron

Spectra, Nucl. Instr. Meth. 91, 573 (1971).

70. Hanson, A. 0., Radioactive Neutron Sources, Chapt. 1A in Fast
Neutron Physics, Marion, J. B., Fowler, J. L., Eds. NY

Interscience Publishers, 1960.

71. Rathren, R. L., Standard Sources for Health Physics Instrument

Calibration, Health Phys. 29, 143 (1975).

72. Chartier, J. L., Champlong, P., Cosack, M., Wagner, S.,
Alberts, W. G., H., Schraube, H., Delafield, H. J. Hunt, J. B.,
Thompson, I. M. G., Lembo, L., Schwarfz, R. B., Widell, C. 0.,
Neutron Reference Radiations for Calibrating Neutron Measuring
Devices Used for Radiation Protection Purposes and for Determining
Their Response as a Function of Neutron Energy, Proc. Fourth

Symposium on Neutron Dosimetry, Neuherberg, June 1-5, 1981.



31

73. Neutron Sources for Basic Physics and Applications, 8.

Cierjacks, editor, NY: Pergamon Press, 1983. Chapters II and III.

74. Jenkins, T. M., Simple Recipes for Ground Scattering in

Neutron Detector Calibration, Health Phys. 39, 41 (1980).

75. Eisenhauer, C. M., Schwartz, R. B., Johnson, T., Measurement
of Neutrons Reflected from the Surfaces of a Calibration Room,

Health Phys. 42, 489 (1982).

76. Clough, A. S., Batty, C. J., Bonner, B. E., Tschalar, C.,
Williams, L. BE., Neutron Spectra from the D(p,n) 2p Reactions at
30 and 50 MeV. Rutherford High Energy Lab, Didcot, England, report

RPP/P 18.

77. Schwartz, R. B., Grundel, J. A., NBS Standard Reference
Neutron Fields for Personnel Dosimetry, National and International
Standardization of Radiation Dosimetry, Vienna: IAEA, 1978, Vol.

I, p. 367.

78. Lorenz, A., A Survey of Neutron Sources and Their
Applications, University of California, Livermore, CA,

TID-4500,UC-34 (June 30, 1972).

79. Mr. Lester W. Jones, Monsanto Research Corporation, Dayton,

Ohio, 45407, USA. Private communication.



32

80. Burrus, W. A., Bonner Spheres and Threshold Detectors for
Neutron Spectroscopy, Neutron Physics Division Annual Progress

Report for period ending Sept. 1, 1962, ORNL-3360, 296-305, 1962.

81. Maerker, R. E., Williams, L. R., Mynatt, F. R., Greene, N. M.,
Response Functions for Bonner Ball Neutron Detectors,

ORNL-TM-3451, 1971.

82. Burgart, C. E., Emmett, M. B., Monte Carlo Calculations of the
Response Functions of Bonner Ball Neutron Detectors, ORNL-TM-3739,

1972.

83. Nakamura, T., Kosako, T., Hauashi, K., Ban, S., Katoh, K., A
Systematic Study on the Neutron Skyshine from Nuclear Facilities -
Part 11. Experimental Approach to the Behavior of Environmental
Neutrons Around an Electron Synchrotron, Nucl. Sci. & Eng. 77, 182

(1981).



DETECTORY
(Dimens. in mm)

4x4
4x4

4x4

4x4

51 (diam.)BF3
51 (diam.)BF3

4x4, 8x8, 12.7x12.7
& gold foil

12.7 x 12.7

12.7 x 12.7

4x4
51 (diam.)BF3

203 (long)BF3

4x4

MODERATORS2

2,3,5,8 & 12

Bare, Cd.,cvd.
2,3,5,8, & 12

2,3,5,8,10,18,16&18

2,3,5,8,10'12’
16 & 18

2,3,4,5,6,8,10&12
Bare, 3 & 6

Bare,2,3,5,8,10,
12 & 18

Bare,2,3,5,8,10,
12 & 18, Hzo

2,3,5,8,10,12&18

2,3,5,8,10&12
3,5,8,10 & 12

Bare,1.18 & 2.36
thick cyl.

Bare & 2 to 20

1/2 inch increm'ts.

ENERGY RANGES

Therm.-15

Therm.-160

Therm.-192

Therm.-192

Therm.-14
Therm.-15

Therm.-100
Therm.~-100
0.1-18 MeV

Therm.-15
Therm.-15

Therm.-15

Therm.-17

METHOD

Exper.

Extrap.
Grp. av.

Theo.

Grp. av.

Theo.
Theo.

Theo.
Theo.
Exper.

Theo.
Theo.

Theo.

Theo.

REF.

55

81
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39
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Energy structure for 31 group response functions.®

ENEEGTY, eV
2.2128+02 10 4£.C00E+02
1.336E+402 10 2.312E+02
T.T25E+01 TC 1.336E+402
4, 465E+01 TO 7.7235E+01
2,581E+01 TO 4,465E+01
1.492E+01 TO 2.581E+01
7.408E+00 TU 1.432E+01
3,679E+00 TO 7.408E+00
1.827EB+00 TC 3 .872E+09
9.072E-01 TO 1.827E+00
4.508E—-01 TO 9.072E-01
2.237E~01 TO 4 ,502E~01
1,111E~01 TO 2.237E-01
5.248E-02 TC 1.111E-01
2.479E-02 TC 5.248E-02
1,1718-02 TO 2.479E-02
5.531E~03 TO 1.171E-02
2.813E-03 TO 5.531E-03
1.234E-03 TO 2.613E-03
5.930E-04 TO 1.234E-03
2.7548-04 TO 5.930E-04
1.301E-04 TO 2.754E-04
6.144E-05 TO 1.301E-04
2.502E-05 TO 6.144E-05
1.371E-05% TO 2,502E-058
6.476E-06 TO 1.37iE-05
3.059E~06 TO 6.4768-08
1.445E-06 TO 3.059E-06
6.826E-07 TO 1.445E-06
4 .140E-07 TO 6.826E-07

THERMAL

Table 2
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Table 3

Multisphere spectrometer response matrix for polyethylere

BARE

4 .6976E-06
7.9545E-06
1.2187B-05
1.8732E-05
3.0015E-05
4 .5946E~05
5.0065E-05
1.0212E-04
1.7899E-04
2.7026E-04
4.4492E-04
1.8542E-03
1.1751B-03
8.6945E-04
1.1018E-03
1.4500E-03
1.9348E-03
2.5755E-03
3.6579E-03
5.2735E-03
7.6454E-03
1.0811E~02
1.5240E-02
2.1592E-02
3.0286E-02
4.1793E-02
5.6322E-02
7.4135E-02
9.4778E-02
1.1327E-01
1.6854E-01

moderators (p=0.95 g cm~

2'0

1.2274E-04
1.4230E-04
1.7340E-04
2.2399E-04
3.3619E-04
5.6625E-04
1.1240E-03
2.8111E-03
6 .3270E-03
1.3117E-02
2.2515E-02
3.5256E-02
4.8106E-02
6 .0893E-02
7.3447E-02
8.5947E~-02
9.9158E~02
1.1357E-01
1.2949E-01
1.4707E-01
1.6634E-01
1.8717E-01
2.0928E-01
2.,3206E-01
2.5451E-01
2.7498E-01
2.9081E-01
2.9784E-01
2.8930E-01
2.6279E-01
1.2852E-01

300

1.0990E-03
1.2418E-03
1.4579E-03
1.8495E-03
2.7406E-03
4.6141E-03
9.5620E-03
2.1791E-02
4.3506E-02
7 .8327E-02
1.1167E-01
1.4577E-01
1.7119E-01
1.8931E-01
2.0392E-01
2.1740E~01
2.3095E-01
2.4477E-01
2.5862E-01
2.7216E-01
2.8493E-01
2,9629E-01
3.0564E-01
3.12198-01
3.1486E-01
3.1239E-01
3.0303E-01
2.8439E-01
2.5294E-01
2.1168E-01
9.7515E-02

3y

5'0

8.1887E-03
9.0718E-03
1.0216E-02
1.2700E-02
1.8369E-02
3.0087E-02
6.2602E-02
1.2033E-01
1.9417E-01
2.7672E-01
2.9930E-01
3.0607E-01
2.9329E-01
2.7627E-01
2.6292E-01
2.5440E-01
2.4873E-01
2.4427E-01
2.3989E-01
2.3497E-01
2.2916E-01
2,2211E-01
2.1382E-01
2.0421E-01
1.9368E-01
1.8023E~01
1.6529E-01
1.4762E-01
1.2606E-01
1.0261E-01
4.7543B-02

2,5791E-02
2.7837E-02
2.9912E-02
3.5823E-02
4.9672E-02
7.7386E-02
1.5676E-01
2.4234E-01
2.9716E-01
3.1410E-01
2.3996E-01
1.8344E-01
1.4143E-01
1.1537E-01
9.9956E-02

, 4 mm X 4 mm 6Li detector.

10°°

3.6530E-02
3.8754E-02
4 .,0501E-02
4.7160E-02
6.3345E-02
9.5157E-02
1.8753E-01
2.5271E-01
2.5929E-01
2.2464E-01
1,3148E-01
8.7274E-02
6 .0500E-02
4 .6842E-02
3.9555E-02

8

12"

4,.5101E~-02
4.7023E-02
4.7852E8~-02
5.4066E-02
7.0151E~-02
1.0138E-01
1.9337E-01
2,2732E-01
1.9443E-01
1.3709E-01
6.5539E-02
3.5767E8-02
2.2973E-02
1.7308E-02
1.4468E-02

9.0743E-02 3.5413E-02 1.2893E-02

8.4475E-02
7.9611E-02
7.5388E-02
7.1450E-02
6.7632E-02
6.3817TE~02
6 .0000E~02
5.6152E~02
5.2201E-02
4.8075E-02
4.3553E-02
3.8738E-02
3.2995E-02
2.69038-02
1.25538-02

3.2668E-02
3.0582E-02
2.8809E-02
2.7190E-02
2.5652E-02
2.4144E-02
2.2657E-02
2.1176E-02
1.9669E-02
1.8107E-02
1.6441E-02
1.4594E-02
1.2442E-02
1.0161E-02
4.8054E-03

1.1862E-02
1.1083E-02
1.0425E-02
9.8278E-03
9.2632E-03
8.7115E-03
8.1696E-03
7.6313E-03
7.0849E-03
6.5193E-03
5.9170E-03
5.2508E-03
4.4758E-03
3.6564E-03
1.73328-03

18. ’

6.0432E-02
5.9752E-02
5.6262E-02
5.7515EB-02
6.6262E-02
8.4305E-02
1.4300E-01
1.1088E-01
5.3320E-02
1.9273E-02
4.2358E-03
1.4869E-03
8.1618E-04
5.8120E-04
4.7145E-04
4.11658-04
3.7243E-04
3.4271E-04
3.1762E-04
2.9500E-04
2,.7387E-04
2,.5357E-04
2.3401E-04
2.1502E-04
1.9626E-04
1,7746E-04
1.5819E-04
1.377E8-04
1.1514E-04
9.2207E8-05
4.25258-03

g¢
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Multisphere

moderators

BARE

3.7765E-05
6 .3898E-05
9.7882E-05
1.5034E-04
2.4014E-04
3.6683E-04
4 .0010E-04
8.1679E-04
1.4310E-03
2.1546E-03
3.5567E-03
1.4685E-02
9.3027E-03
6.9113E-03
8.7511E-03
1.1498E-02
1,5303E-02
2.0310E-02
2.8730E-02
4.1096E-02
5.8971E-02
8.2564E-02
1.1463E-01
1.5878E-01
2.1603E-01
2,8685E-01
3.8739E-01
4.5725E-01
5.4393E-01
6.0763E-01
7.2354E-01

2.'

5.2507E-04
6 .1803E-04
7.6236E-04
9.9289E-04
1.4920E-03
2 .4879E-03
4.8064E-03
1.1865E-02
2.6362E-02
5.4062E-02
9.2192E-02
1.4402E-01
1.9307E-01
2.4274E-01
2.9165E-01
3.4006E~-01
3.9089E-01
4.4594E-01
5.0620E-01
5.7195E-01
6.4301E-01
7.1846E-01
7.9678E-01
8.7535E-01
9.4994E-01
1.0143E+00
1.05%0E+00
- 1,0699E+00
1,0248E+00
9.1903E-01

4 .4430E-01

spectrometer response matrix for polyeth-lz»e

(p=0.95 g cm“3), 8 mm x 8 mm 6Li detector.

30'

4.0441E-03
4 .5805E-03
5.3868E-03
6 .8447E-03
1,0141E-02
1,7041E-02
3.5168E-02
7.9972E-02
1,.5930E-01
2.8617E-01
4.0714E-01
5.3013E-01
6.1980E-01
6.8326E-01
7.3388E-01
7.8024E-01
8.2658E-01
8.7350E-01
9.2008E-01
9.6496E-01
1.0065E+00
1.0424E+00
1.0706E+00
1.0885E+00
1,0926E+00
1.0786E+00
1.0411E+00
9.7249E-01
8.6126E-01
7.1837E-01
3.3029E-01

5!'

2,8583E-02
3.1676E-02
3.5679E-02
4.4364E-02
6.4161E-02
1.0505E-01
2.1846E-01
4.1967E-01
6.7653E-01
9.6275E-01
1.0387E+00
1.0587E+00
1.0107E+00
9.4898E-01
9.0069E-01
8.6961E-01
8.4863E-01
8.3198E-01
8.1576E-01
7.9777E-01
T7.7682E-01
7.5183E-01
7.2275E-01
6.8938E-01
6.5103E-01
6 .0709E-01
5.5632E-01
4,9656E-01
4.2383E-01
3.4491E-01
1.5980E-01

8'?

8.8714E-02
9.5759E-02
1.0290E-01
1,.2323E-01
1.7085E-01
2,6613E-01
5.3903E-01
8.3256E-01
1.0193E+00
1.0746E+00
8.1749E-01
6.2211E-01
4.7788E-01
3.8894E-01
3.3652E-01
3.0526E-01
2.8401E-01
2.6754E-01
2,5326E-01
2.3996E-01
2.2709E-01
2,1423E-01
2,0139E-01
1,8845E-01
1.7517E-01
1.6132E-01
1.4648E-01
1,2938E~-01
1.1071E-01
9.0270E-02
4.2455E-02

10' ’

1.2521E-01
1.3284E-01
1.3883E-01
1.6165E-01
2.1710E-01
3.2605E-01
6.4242E-01
8.6483E-01
8.8557E-01
7.6472E-01
4.6113E-01
2.9421E~01
2.0335E-01
1.5722E-01
1.3268B-01
1.1875E-01
1.0952E-01
1.0251E-01
9.6553E-02
9.1119E-02
8.5959E-02
8.089TE-02
7.5909E-02
7.0944E-02
6.5893E-02
6.0657E-02
5.5072E-02
4.8884E-02
4.1671E-02
3.4030E-02
1.6092E-02

8

120'

1.5420E-01
1.6078E-01
1.6360E-01
1.8484E-01
2.3979E-01
3.4647E-01
6.6063E-01
7.7570E-01
6.6190E-01
4.6493E-01
2.2104E-01
1.2013E-01
7.7027E-02
5.8017E-02
4.8502E-02
4.3232E-02
3.9782E-02
3.7180E-02
3.4982E-02
3.2988E-02
3.1102E-02
2.9260E-02
2.7451E-02
2.5653E-02
2,3827E-02
2.1936E-02
1.9920E-02
1,7688E-02
1.5087E-02
1.2334E-02
5.8542E-03

18°¢

2.0542E-01
2.0311E-01
1,9124E-01
1,9548E-01
2.2516E-01
2.8640E-01
4.8565E-01
3.7619E-01
1,.8064E-01
6.5336E-03
1,4569E-03
5.3011E-03
3.0143E-03
2,1983E-03
1.8123E-03
1.6013E-03
1.4630E-03
1.3585E-03
1.2702E-03
1.1902E-03
1.1151E-03
1,.0422E-03
9.7113E-04
9.0127E-04
8.3118E-04
7.5964E-04
6.8469E-04
6.03295E-04
5.1052E~-04
4.1419E-04
1.9493E-04

9¢
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Table

5

Multisphere spectrometer response matrix for polyethylene

moderators (p=0.95 g cm“3), 12.7 mm x 12.7 mm ®rni detector.8

BARE

1.5104E-03
8.0742E-04
4 .6054E-04
3.3241E-04
3.9104E-04
7.4214E-04
1.5989E-03
3.2678E~03
5.7206E-03
8.5852E~03
1.4210E-02
5.6420E-02
3.6809E~-02
2.7451E-02
3.4721E-02
4.5538E-02
6.0466E-02
7.9981E-02
1.1246E-01
1.5998E-01
2.2750E-01
3.1454E-01
4.2927E-01
5.8118E-01
7.6835E-01
9.8385E-01
1.2096E+00
1.4239E+00
1.6029E+00
1.7127E+00
1,8617E+00

2"

2.6322E-03
2.0846E-03
1.9979E-03
2.2982E-03
3.3305E-03
5.7175E-03
1.1802E-02
2.8593E-02
6 .2287E-02
1.2550E-01
2.11658-01
3.28358-01
4.29438-01
5.3390E~01
6.3689E-01
7.3752B~01
8.4181E-01
9.5311E-01
1.0728E+00
1.2005E+00
1.3347E+00
1.4723E+00
1.6093E+00
1.7395E+00
1.8542E+00
1.9419E+00
1.9869E+00
1.9674E+00
1.8491E+00
1.6329E+00
7.8070E-01

3‘.

9.3415E-03
9.63898-03
1.0811E-02
1.345%E-02
1,9862E-02
3.3449E-02
6.9598E-02
1.5759E-01
3.1238E-01
5.5859E-01
T7.9128E-01
1.0251E+00
1.1886E+00
1.3024E+00
1.3912E+00
1.4713E+00
1.5506E+00
1.6293E+00
1.7071E+00
1.7794E+00
1.8439%9E+00
1.8962E+00
1.9331E+00
1.9502E+00
1.9421E+00
1.9025E+00
1.8229E+00
1.6915E+00
1.4899E+00
1.2379E+00
5§.6810E-01

sll

5.3314E-02
5.8179E-02
6 .5046E-02
8.0626E-02
1.1650E-01
1.9084E-01
3.9724E-01
7.6214E-01
1.2262E+00
1.7400E+00
1.8685E+00
1.8928E+00
1.7943E+00
1.6756E+00
1.5829E+00
1.5227E+00
1.4813E+00
1.4481E+00
1.4161E+00
1.3814E+00
1.3418E+00
1.2957E+00
1.2429E+00
1,.1832E+00
1.1158E+00
1.0388E+00
9.5091E-01
8.4809E-01
7.2351E-01
5.8863E-01
2.7270E~01

8'0

1.5879E-01
1.7054E-01
1.8279E-01
2.1868E-01
3.0308E-01
4.7209E-01
9.5633E-01
1.4749E+00
1.8007E+00
1.8897E+00
1.4269E+00
1.0774E+00
8.2257E-01
6 .6698E-01
5.7586E-01
5.2170E-01
4.8497E-01
4.5656E-01
4.3196E-01
4.0911E-01
3.8702E-01
3.6502E-01
3.4306E-01
3.2097E-01
2.9833E-01
2.7472E-01
2.4943E-01
2.2133E-01
1.8852E-01
1.5371E-01
7.2292E-02

1077

2.2232E-01
2,35018-01
2.4516E-01
2.8522E-01
3.8293E-01
5.7504E-01
1.1329E+00
1.5224E+00
1.5534E+00
1.3339E+00
7.9741E-01
5.0486E-01
3.4731E-01
2.67978-01
2,2594E-01
2.0214E-01
1,8639E-01
1.7444E-01
1.64298-01
1.5503E-01
1.4625E-01
1.3763E-01
1.2915E-01
1.2070E-01
1.1211E-01
1,0321E-01
9.3708E-02
8.3184E-02
7.0913E-02
5.7914E~02
2.7389%E-02

1203

2.7255E-01
2.8335E-01
2.8790E~01
3.2503E-01
4.2152E-01
6.08%0E~01
1.1608E+00
1.3601E+00
1,1558E+00
8.066858-01
3.7993E-01
2.0499E-01
1.309%E-01
9.8543E-02
8.2341E-02
7.3374E-02
6 .7503E-02
6.30738-02
5.9332E-02
5.5938E-02
5.2729E-02
4.9594E-02
4.6514E-02
4.3455E-02
4.0350E-02
3.7135E-02
3.3709E-02
2.9920E-02
2.5509E-02
2 .0844E-02
9.8840E-03

18'!

3.5920E-01
3.5509E-01
3.3396E-01
3.4113E-01
3.9275E-01
4.9532E-01
8.4621E-01
6.5352E-01
3.1182E-01
1,1141E-01
2.4143E-02
8.4538E-03
4.65898-03
3.3292E-03
2.7071E-03
2.3681E-03
2.1457E-03
1.9772E-03
1.8350E-03
1.7067E-03
1.5867E-03
1.4712E-03
1,3598E-03
1.2515E-03
1.1442E-03
1,0364E-03
9.2544E-04
8.0757E-04
6.7628E-04
5.4273B-04
2.5113E-04

LE
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Table 6

Multisphere spectrometer response matri for water

moderators (p=1.0 g cm’3), 12.7 x 12.7 SLi detector.8

BARE

1.5104E-03
8.0742E-04
4.6054E-04
3.3241E-04
3.9104E-04
7.4214E-04
1.5989E-03
3.2678E-03
5.7206E-03
8.5852E-03
1.4210E-02
§.6420E-02
3.6809E-02
2.7451E-02
3.4721E-02
4.5538E-02
6.0466E-02
7.9981E-02
1.1246E-01
1,5998E-01
2.2750E-01
3.1454E-01
4.2927E-01
5.8118E~-01
7.6835E-01
9.8385E-01
1.2096E+00
1.,4239E+00
1.6029E+00
1.7127E+00
1.8617E+00

2!0

2,5296E-03
1,9519E-03
1,9269E-03
2,2526E-03
2.5843E-03
3.6308E-03
6.4220E-03
1.4492E-02
3.2494E-02
6.7546E-02
1.1685E-01
1,9009E-01
2.5747E-01
3.3788E-01
4.2613E-01
5.1715E-01
6.1534E-01
7.2418E-01
8.4622E-01
9.8212E-01
1.1315E+00
1.2925E+00
1.4620E+00
1,6343E+00
1.8001E+00
1.9466E+00
2.0556E+00
2.1010E+00
2.0418B+00
1.8645E+00
9.1860E-01

3!!

8.7698E-03
8.8890E-03
1.0684E-02
1.3293E-02
1.50357E-02
2.0266E-02
3.4901E-02
7.6378E-02
1.6607E-01
3.1881E-01
4.7817E-01
6.5312E-01
8.3769E-01
9.8542E-01
1.1138E+00
1.2319E+00
1.3494E+00
1.4685E+00
1.5922E+00
1.7156E+00
1.836728+00
1.5509E+00
2.0531E+00
2.,1369E+00
2.1936E+00
2.,2126E+00
2.1798E+00
2.0756E+00
1.8709E+00
1,.5825E+00
7.2293E-01

5"

6.3491E-02.

6.8267E-02
8.4035E-02
1.0049E-01
1,1126E-01
1.4789E-01
2.5497E-01
4,9293E-01
9.0431E-01
1.3841E+00
1,6280E+00
1,7680E+00
1,9214E+00
1.9308E+00
1.9024R+00
1.9180E+00
1.9237E+00
1.9315E+00
1.9358E+00
1.9323E+00
1,.9183E+00
1.8%07E+00
1.8483E+00
1.7899E+00
1.7129E+00
1.6151E+00
1.4926E+00
1,3393E+00
1.1443E+00
$.2772E-01
4.2098E-01

8'!

2.4975E-01
2.6149E-01
3.1406E-01
3.5086E-01
3.7406E-01
4.8521E-01
8.2649E-01
1.3582E+00
1.9715E+00
2.2451E+00
1.9940E+00
1.6836E+0Q
1.5311E+00
1.3278E+00
1.18878+00
1.1001E+00
1.0377E+00
9.8776E~01
9.4281B-01
8.9925E-01
8.55438-01
8.1012E-01
7.5345E-01
7.1526E~01
6.64828-01
6.1144E-01
5.5373E-01
4.8937E~-01
4,.1429E-01
3.3506E-01
1.5451E-01

1000

3.9218E-01
4.0135E-01
4.7339E-01
5.0673E-01
5.2558E-01
6.6785E-01.
1.1215E+00
1.6671E+00
2 .0890E+00
1.9703E+C0
1.4712E+00
1.0722E+00
8.8931E-01
7.226CGE-01
6.2223R-01
5.6207E-01
5.2105E~-01
4,.8915E~01
4.61518-01
4,3584E-01
4.1111E-01
3.8656E-01
3.6216E-01
3.3774E~-01
3.1284E-01
2.8702E-01
2.5954E-01
2,2925E-01
1.9417E-¢C1
1.5730E-01
7.3026E-02

12"

5.2049E-01
5.2029E-01
6.0275E-01
6.1869E-01
6.2322E-01
7.7389E-01
1.2771E+00
1.7194E+00
1.8603E+00
1,4471E+00
9.0866E-01
§.78288-01
4.4576E-01
3.4677E~01
2,.92248-01
2,6095E-01
2.4009E~-01
2,2416E-01
2.1059E-01
1,9820E-01
1.8646E-01
1.74926E-01
1.6367E~01
1.5248E-01
1.4114E-01
1,2946E-01
1,1706E-01
1.0343E-01
8.7670E-02
7.1124E-02
3.3172E-02

180 [

7.8702E-01
7.3250E-01
8.0450E-01
7.2782E-01
6.6466E~01
7.6150E-01
1.1772E+00
1.1662B+00
7.9403E-01
3.2286E-01
1.1358E-01
4.7507E-02
2.9933E-02
2.0641E-02
1.6223B8~-02
1.3826B-02
1.22478-02
1.1046E-02
1.0035B-02
9,1338E-03
8.3014E-03
7.51628-03
6.7752E-03
6.0733E-03
5.4004E-03
4.7498E-03
4.11068B-03
3.4678E-03
2.79578-03
2.1523B-03
9.2931E-04

g
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DETECTOR?
(Dimens. in mm)

4x4
4x4

4x4

4x4

51 (diam.)BF3
51 (diam.)BF3

4x4, 8x8, 12.7x12.7
& gold foil

12.7 x 12.7

12.7 x 12.7

x4
51 (diam.)BF3

203 (long)BF3

4x4

40

MODERATORS 2

2,3,5,8 & 12

Bare, Cd.,cvd.
2,3,5,8, & 12

2,3,5,8,10,18,16&18

2,3,5,8,10,12,
l6 & 18

2,3,4,5,6,8,10&12
Bare, 3 & 6

Bare,2,3,5,8,10,
12 & 18

Bare,2,3,5,8,10,
12 & 18, H20

2,3,5,8,10,12&18

2,3,5,8,10&12
3,5,8,10 & 12

Bare,l1.18 & 2.36
thick cyl.

Bare & 2 to 20
1/2 inch increm'ts.

ENERGY RANGE

Therm.-15

Therm.-160

Therm.-192

Therm.-192

Therm.-14
Therm.-15

Therm.-100

Therm.-100

0.1-18 MeV

Therm.-15
Therm.-15

Therm.-15

Therm.-17

METHOD

Exper.

Extrap.
Grp. av.

Theo.

Grp. av.

Theo.
Theo.

Theo.
Theo.
Exper.

Theo.
Theo.

Theo.

Theo.

REF

55

81
82

27

39
39

83

28
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List of Tables & Titles

Table 1. Summary of Published Response Data for BSS Detectors.
Notes:

(1) All dimensions in mm. 4x4 means 4 mm diameter, 4 mm long
right cylinder. 61.i is assumed in place of 6LiI(Eu) unless

otherwise indicated.

(2) Diameter of moderators in inches. Material is polyethylene

unless otherwise indicated.

(3) Energy in MeV.

Table 2. Energy Structure for 31 Group Response Functions.®

Table 3. Multisphere spectrometer response matrix for
polyethylene moderators (p=0.95g cm-3), 4 mm x 4mm 6Li detector.8

Table 4. Multisphere spectrometer response matrix for
polyethylene moderators (p=0.95 g cm_3), 8 mm x 8 mm 6Li
detector.8

Table 5. Multisphere spectrometer response matrix for
polyethylene moderators (p=0.95 g cm_3), 12.7 mm x 12,7 mm 6Li

detector.8
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Table 6. Multisphere spectrometer response matrix for water

3 8

moderators (p=1.0 g cm ), 12,7 mm x 12.7 mm 6Li detector.

Table 7. Multisphere spectrometer response matrix for

polyethylene moderators (p=0.95 g cm-3

197 8

Y}, 12.7 mm diam x 0.051 mm

thick, Au detector.
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FIGURE CAPTIONS

1. The response of a multisphere spectrometer with a 4 mm x 4 mm
Li detector: I = bare, and at the center of polythene moderators,
ITI = 2 inch, III = 3 inch, IV =5 inch, V = 8 inch, VI = 10 inch,

and VII = 12 inch diameters.8

19

2. Neutron energy spectra for: I = HPRR neutrons, II =
Cosmic-ray neutrons,20 and III = 252Cf neutron source.?l

3. Multisphere response distributions for: I = HPRR neutrons,19
II = Cosmic-ray neutrons,20 and III = 252Cf neutron source.21

4. Multisphere response distributions for three "monochromatic"
neutrons. I = energy group 31, II = energy group 20, and III =

Energy group 7.

5. Ratio of responses as a function of moderator density,
material, and detector size. I = response ratio as a function of
density (p = 0.90 to p = 0.95 g cm_3) for polyethylene spheres 10
inch in diameter, II = ratio of the responses as a function of
materials (H,0 to polyethylene) for 10 inch diameter spheres, with
a l2.7 mm x 12.7 mm 6Li detector,8 IIT = ratio of the response of

6

a 4 mmx 4 mm to that of a 12.7 mm x 12.7 mm “Li detector at the

center of a 2 inch polyethylene sphere.
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6. Phoswich assembly. 6LiI(Eu) crystal is surrounded by a
plastic scintillator cup cemented to a glass disc which is
cemented to an aluminum can. The inside of the can is coated with
7. Events recorded by a 4 mm x 4 mm 6LiI(Eu) crystal by a
phoswich, for 48.3 hours, in a 10 inch polyethylene pseudosphere,
due to environmental radiation. The solid squares represent all
events. The open circles represent neutron signatures: slow

pulses not accompanied by fast pulses.

8. Events recorded by a 8 mm x 8 mm 6LiI(Eu) crystal in a
phoswich, for 70.8 hours, in a 10 inch pseudosphere, due to
environmental radiation. The solid squares represent all events.
The open circles represent neutron signatures: slow pulses not

accompanied by fast pulses.
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